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Abstract
Iron and cobalt distannides MSn2 (M = Fe, Co) are regarded as a promising conversion-type anode material for lithium- and
sodium-ion batteries, but their properties are not well understood. In this work, we report a first-principles study of alkali metal (A
= Li, Na) substitutional effect on the structural, mechanical, lattice vibrational, electronic and defect properties of these distannides.
Special attention is paid to systematic comparison between FeSn2 and CoSn2. Our calculations reveal that M/A substitution induces
a lattice expansion and decrease of elastic constants, which is more announced with Na substitution than Li, and moreover changes
the elastic property of FeSn2 from ductile to brittle whereas preserves the ductility of CoSn2. An imaginary phonon frequency
mode appears only for FeSn2 and FeNaSn2, and M/A substitution provokes a definite gap between high and low frequency regions.
We perform a careful analysis of electronic density of states, band structures and Fermi surface, providing an insight into difference
of electronic structures between FeSn2 and CoSn2. With further calculation of defect formation energies and alkali ion diffusion
barriers, we believe this work can be useful to design conversion-type anode materials for alkali-ion batteries.
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1. Introduction
Alkali (lithium and sodium) ion batteries have been attract-
ing considerable attention as a promising power source of elec-
tronic devices and electric vehicles due to their high energy den-
sity and long cycle life. When compared with lithium, sodium
has a merit of resource abundance on the Earth’s crust, leading
to apparent cost lowering of battery production and thus en-
abling sodium ion batteries (SIBs) to be commercially viable
for electric vehicles and stationary energy storage [1]. How-
ever, no optimal electrode materials have yet been developed as
some scientific challenges unresolved [2, 3]. In particular, since
graphite, the commercial intercalation-type anode material for
lithium ion batteries (LIBs), exhibits extremely low specific ca-
pacity when reacting with sodium, numerous works have been
devoted to finding suitable anode materials for SIBs [4].
The key issues in development of high performance anode
materials can be summarized as high reversible capacity, long
cycle life, and high rate capability. With these respects, sev-
eral kinds of anode materials with their own merits and de-
merits have been found so far, including carbon- and alloy-
based materials, metal oxides and 2D materials [5]. Among
these, alloy-based materials have earned a remarkable interest
because of their very high capacity and low redox potential, in
spite of their critical problem of poor cycling stability. Typ-
ically, metallic β-Sn is a conversion-type anode material for
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both LIBs and SIBs, exhibiting maximum theoretical capaci-
ties of 994 mAh/g for complete conversion of Li22Sn5 [6] and
847 mAh/g for Na15Sn4 [7, 8, 9, 10]. However, the application
of β-Sn as anode material is limited by its fast fading of per-
formance due to the low electronic conductivity of Sn and in
particular large volume changes of ∼300% for Li and 420% for
Na during the charge/discharge processes, leading to crack and
pulverization of Sn particles and depletion of electrolyte.
As one way to mitigate such problems, active β-Sn has
been proposed to be alloyed with inactive transition metals
that do not directly react with lithium and sodium during cy-
cling [11, 12, 13, 14]. The transition metals were known to
lessen the volume change by forming a buffer framework, en-
hance the electric conductivity, limit the coalescence and in-
crease the dispersion of Li− or Na−Sn particles [14, 15]. Ac-
cordingly, iron and cobalt have already been used with tin
to form FeSn2 and CoSn2 alloys as promising anode mate-
rials with high capacity and stable cycling performance for
SIBs [16, 17, 18, 19, 20] as well as LIBs [21, 22, 23]. Re-
cently, Vogt and Villevieille [17, 18] have reported that these
alloys can achieve high capacities of up to 680 mAh/g when
fully converted to Na15Sn4 (twice larger than hard carbon),
demonstrating the significant influence of inactive metals on
the reaction mechanism. In addition, their composites with
carbon [24, 25, 26, 27] and other materials [28, 29] have been
found to exhibit highly stable electrochemical performance as
anodes for both LIBs and SIBs. Despite such extensive ex-
perimental studies, no theoretical study of FeSn2 and CoSn2 in
terms of Li or Na reaction has yet reported, except some first-
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principles studies of Fe− and Co−Sn alloys [30, 31]
In this work, we have investigated the electronic structures,
lattice vibrational and elastic properties, and point defect ener-
getics of FeSn2 and CoSn2 as reacting with Li and Na, by using
first-principles calculations within the density functional the-
ory (DFT) framework. We first determined the lowest energy
spin configurations of FeSn2 and CoSn2 by conducting struc-
tural optimizations, and using these structures, calculated their
electronic band structures with partial density of states (PDOS),
elastic constants and phonon dispersion curves. Then we have
investigated their chemical reactivity with sodium and lithium
by estimating the formation energies of point defects including
vacancies and antisites in bulk. Systematic comparison between
Fe and Co was provided in each calculation.
2. Theoretical methods
2.1. Structural models
The compounds FeSn2 and CoSn2 are known to crystallize
in the CuAl2-type tetragonal structure with a space group of
I4/mcm [32]. As shown in Fig. 1(a), there are four formula
units (12 atoms) in the conventional unit cell, where transition
metal atoms occupy the 4a (0, 0, 0.25) sites and Sn atoms lo-
cate at the 8h (x, 0.5+x, 0) sites (x = 0.1611 in FeSn2 and
0.1649 in CoSn2) [32]. In order to study the influence of reac-
tion with Li and Na on their properties, we consider M/A ex-
change structural models (M = Fe, Co; A = Li, Na), which were
constructed by replacing one Fe or Co atom with Li or Na atom
in the conventional unit cell, leading to formation of tetrago-
nal M3/4A1/4Sn2 (or simply MASn2) compound with a space
group of P422, as shown in Fig. 1(b). Also we constructed the
2× 2× 2 supercells (96 atoms) to study lattice vibration proper-
ties and furthermore point defects including vacancies (VM and
VSn) and substitutions (AM and ASn).
2.2. Computational details
All the DFT calculations have been carried out by apply-
ing the pseudopotential plane wave method as implemented
in QUANTUM ESPRESSO (QE, version 6.2) package [33]. For
a description of the Coulombic interaction between the ionic
cores and the valence electrons, we have constructed the ul-
trasoft pseudopotentials of the atoms by executing LD1 code
included in the QE package, using the input files provided in
the PS library (1.0). The valence electron configurations of
atoms are Na: 2s22p63s1, Li: 1s22s12p0, Fe: 3s23p63d64s2,
Co: 3s23p63d74s2, and Sn: 4d105s25p2. The Perdew-Burke-
Ernzerhof (PBE) formulation [34] within generalized gradient
approximation (GGA) was adopted to describe the exchange-
correlation interaction among the valence electrons.
Structural optimizations of the conventional unit cells con-
taining 4 formula units were carried out with the kinetic cut-
off energies of 60 Ry for wave function and 600 Ry for elec-
tron density, and the special k-points with a (8 × 8 × 10) mesh.
The atoms were relaxed until the forces converged to 5 × 10−4
Figure 1: Crystalline structure of conventional unit cell for (a) MSn2 (M =
Fe, Co) with four formula units and (b) M3/4A1/4Sn2 (A = Li, Na). Upper
and lower panels show top and perspective views respectively. Blue-colored
arrows indicate the spin direction of transition metal atoms, indicating the anti-
ferromagnetic (AFM) configuration here.
Ry/Bohr, while the crystalline lattices were allowed to vary un-
til the pressure became less than 0.005 GPa. To achieve a con-
vergence of self-consistent cycle, the Methfessel-Paxton first-
order smearing method was applied with a gaussian spread-
ing parameter of 0.02 Ry. For the calculation of energy band
structures and density of states (DOS), we used a denser k-
point mesh of (10 × 10 × 12) with a tetrahedron occupation.
In these calculations, spin-polarization effect was considered
by applying three different magnetic orderings such as ferro-
magnetic (FM), anti-ferromagnetic (AFM) and non-magnetic
(NM) states. The phonon dispersion curves and the corre-
sponding phonon DOS were calculated using the finite dis-
placement method, as implemented in Phonopy code [35]. The
2×2×2 supercells were adopted with reduced k-point sampling
of (2×2×2) in accordance to the larger size of supercell, while
the (30 × 30 × 30) q-point mesh was used for the phonon DOS
calculation. The six independent elastic stiffness constants were
determined based on the efficient stress-strain method, in which
a set of homogeneous deformations with maximum strain am-
plitude of 0.005 GPa were applied and the resulting stress with
respect to the internal degrees of freedom was calculated. Once
obtained the elastic stiffness matrix, the elastic compliance con-
stants were also evaluated by calculating the inverse matrix.
In the defect calculations, all the atoms were relaxed while
fixing the lattice constants, with reduced computational pa-
rameters such as cutoff energy of 30 Ry and k-point mesh of
(2 × 2 × 2). Moreover, we determined the activation barriers
for Li and Na atom diffusion along the vacancy-mediated paths
by applying the climbing image nudged elastic band (NEB)
method [36]. During the NEB run, the supercell sizes were
2
fixed at the optimized ones, and all the atoms were allowed to
relax. The number of NEB image points was seven, and the
convergence threshold for force on the elastic band was 0.05
eV/Å. Visualization of crystalline lattice and volumetric data of
charge density was performed by using the VESTA code [37].
2.3. Theory
The mechanical properties of a polycrystalline solid are esti-
mated by elastic moduli such as bulk (B), shear (G) and Young’s
(E) moduli. These can be determined from the set of elastic
stiffness (Ci j) and compliance (S i j) constants calculated for a
single crystal. There are six independent elastic constants for
tetragonal structure: i j = 11, 12, 13, 33, 44 and 66. The bulk
and shear moduli can be determined using the stiffness con-
stants within the Voigt approximation as follows,
BV =
2C11 + C33 + 2(C12 + 2C13)
9
,
GV =
2C11 + C33 − (C12 + 2C13) + 3(2C44 + C66)
15
(1)
Meanwhile, they can also be calculated using the compliance
constants within the Reuss approximation as follows,
BR =
1
2S 11 + S 33 + 2(S 12 + 2S 13)
,
GR =
15
4(2S 11 + S 33) − 4(S 12 + 2S 13) + 3(2S 44 + S 66)
(2)
As indicated by Hill, the Voigt and Reuss approaches yield the
lower and upper limits of the polycrystalline moduli and the
real moduli are estimated by arithmetic mean value as follows,
B =
BV + BR
2
,G =
GV + GR
2
(3)
Then, the Young’s modulus and Poisson’s ratio (ν) are evaluated
from the calculated bulk and shear moduli as follows,
E =
9BG
3B + G
, ν =
3B − 2G
6B + 2G
(4)
The elastic moduli can be used to determine the longitudinal
(υl) and transverse (υt) elastic wave velocities as follows,
υl =
√
3B + 4G
3ρ
, υt =
√
G
ρ
(5)
where ρ is the density. Using these values, the average sound
velocity υm is evaluated as follows,
υm =
13
 2
υ3t
+
1
υ3l
−1/3 (6)
Then, as an important thermodynamic parameter for checking
the degree of mechanical properties, the Debye temperature θD
is estimated using the following equation,
θD =
h
kB
[
3N
4piV
]1/3
υm (7)
where h and kB are the Plank’s and Boltzmann’s constants, N
the number of atoms in the unit cell and V the unit cell volume.
The formation energy of point defect D is calculated using
the total energies as follows,
E f = E[D] − Eperf −
∑
i
niµi (8)
where E[D] and Eperf are the total energy of compounds with
and without defect, and ni is the number of added (ni > 0) or
removed (ni < 0) i-type species with a chemical potential of µi.
The chemical potential of metal atoms were estimated as the
total energy per atom in their bulk systems: bcc-Fe, hcp-Co,
diamond cubic-Sn, and bcc-Li or -Na. To check the thermo-
dynamic stability of the compound with defect, its formation
enthalpy per formula unit was calculated as follows,
∆HMmAnSn2 =
EMmAnSn2 − mEM − nEA − 2ESn
m + n + 2
(9)
where EMmAnSn2 , EM, EA and ESn are the total energy of
MmAnSn2 compound, pure transition, alkali and Sn metals, and
m and n are the corresponding number of atoms in the unit cell.
3. Results and discussion
3.1. Structural properties with magnetic ordering
Firstly we determined the favorable spin configuration for
transition metal atoms in MSn2 and MASn2 with crystalline
lattice optimization. It was found that for the case of FeSn2 the
AFM configuration was energetically favorable with the best
agreement of lattice constants to the experiment (see Table S1
in Supplementary Information). In this AFM state, the Fe atoms
have the magnetic moment of ±1.89 µB, while the total magne-
tization was confirmed to be zero (see Table S2). For the case of
CoSn2, however, the NM state was always observed though the
three different spin configurations of AFM, FM and NM were
initially imposed. In fact, Co atoms with these different ini-
tial impositions were found to have zero magnetic moment af-
ter lattice optimization and SCF cycle. When replacing M (Fe,
Co) atom by A (Li, Na) atom, although we initially imposed
the AFM configurations on the resultant unit cell of MASn2,
the FM state was observed for FeASn2 while also the NM state
was realized for CoASn2 (see Table S2).
To determine the optimized lattice parameters of the unit
cells with these magnetic orderings, we plotted the energy-
volume curves by calculating the total energies as gradually in-
creasing the unit cell volume. Here, the optimized tetragonal
ratio c/a at each volume was determined by calculating total
energy as varying c/a with allowing the relaxation of atomic
positions and by interpolating the data to the third-order poly-
nomial (see Fig. S1). The obtained energy-volume curves for
all the intermetallics studied in this work are shown in Fig. 2(a)
and the optimized tetragonal ratios as increasing the cell vol-
ume are plotted in Fig. 2(b). Table 1 lists the determined lattice
parameters and mass density of these intermetallics. For the
cases of FeSn2 and CoSn2, the calculated lattice constants were
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Table 1: Optimized lattice constants a and c, tetragonal ratio c/a, unit cell volume V , Sn position xSn, mass density ρ, M−M interatomic distance dM−M, cohesive
energy per atom Ec and formation energy per atom E f of intermetallics.
Compound a (Å) c (Å) c/a V (Å3) xSn ρ (g/cm3) dM−M (Å) Ec (eV) E f (eV)
FeSn2 6.5333 5.3271 0.8153 227.38 0.1623 8.566 2.663 −5.155 −0.221
FeSn2
a 6.5331 5.3202 0.8144 227.07 0.1611 8.577 −0.148b
Fe3/4Li1/4Sn2 6.5895 5.4728 0.8305 237.64 0.1628 7.854 2.736 −4.650 −0.164
Fe3/4Na1/4Sn2 6.6831 5.6733 0.8489 253.39 0.1539 7.471 2.837 −4.476 −0.035
CoSn2 6.3442 5.4723 0.8626 220.25 0.1669 8.936 2.736 −4.835 −0.183
CoSn2
a 6.3617 5.4582 0.8580 220.90 0.1649 8.910 −0.177b
Co3/4Li1/4Sn2 6.4781 5.5963 0.8639 234.86 0.1608 8.013 2.798 −4.416 −0.141
Co3/4Na1/4Sn2 6.5733 5.7381 0.8729 247.93 0.1520 7.698 2.869 −4.244 −0.015
a X-ray diffraction data at T = 295 K [32].
b DFT calculation data with PBE functional [30]
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Figure 2: (a) Total energy difference per atom ∆E and (b) optimized lattice con-
stants ratio c/a as a function of cell volume per atom in tetragonal intermetallics
FeSn2, FeLiSn2, FeNaSn2, CoSn2, CoLiSn2 and CoNaSn2.
found to be agreed well with the experimental values [32] with
very low values of relative error under 1%.
It was found that replacing one M atom in the MSn2 unit cell
with A atom induces an increase of lattice constants, tetrag-
onal ratio and thus unit cell volume and decrease of density.
The volume expansion rates V/V0 × 100% (V0 the volume
of MSn2 unit cell) for FeASn2 were estimated to be smaller
(104.5% for Li and 111.4% for Na) than those for CoASn2
(106.6 and 112.6%). Accordingly, the relative density decrease
rates (ρ−ρ0)/ρo×100% for FeASn2 (−8.3% for Li and −12.8%
for Na) were found to be smaller than those for CoASn2 (−10.3
and −13.8%). Such volume expansion is mainly associated
with an increase of interatomic distance between the M atoms
from 2.663/2.736 Å in MSn2 to 2.736/2.798 Å for Li and
to 2.837/2.869 Å for Na exchanges respectively, indicating a
weakening of interatomic reaction by alkali metal exchange.
Note that the M−Sn distance also increases but the Sn−Sn
distance slightly decreases by such exchange (see Table S3).
The volume expansion and relative interatomic distance indi-
cate that the bonding strength of Fe−Fe is stronger than that of
Co−Co, and replacing Fe or Co with Li atom makes the bond-
ing strength weaker than with Na atom.
To gain insight into the structural stability, we evaluated the
cohesive energy Ec = Etot −∑i Eatomi and the formation energy
E f = Etot − ∑i Ebulki , where Eatomi and Ebulki are the total ener-
gies of isolated atom and elementary bulk of i-th species. As
shown in Table 1, the calculated cohesive and formation ener-
gies are negative for all the compounds, indicating that these
phases are thermodynamically stable and can be formed at am-
bient condition from their elemental constituents. The forma-
tion energy of FeSn2 (−0.221 eV/atom) is lower than that of
CoSn2 (−0.183 eV/atom), demonstrating that the Fe-related in-
termetallics is more stable than the Co-related ones, which is
consistent with the bonding strength analysis though being con-
trast to the previous DFT calculation [30]. It was also observed
that substituting Li or Na for Fe or Co atom makes the com-
pounds less stable, and this effect is more pronounced for Na
substitution compared to Li substitution.
3.2. Elastic and mechanical properties
The mechanical stability of intermetallics can be estimated
by its elastic constants, which play an important role in de-
scribing the resistance of material against mechanical deforma-
tion. The calculated six independent elastic stiffness constants
for MSn2 and MASn2 in the tetragonal phase, namely C11, C12,
C13, C33, C44 and C66, are listed in Table 2. For the cases of
MSn2, our calculated data is in overall agreement with the pre-
vious first-principles calculation [30]. These independent elas-
tic constants were found to satisfy the well-known Born stabil-
ity criteria for tetragonal crystal [38], expressed by C11 > 0,
C33 > 0, C44 > 0, C66 > 0, C11−C12 > 0, C11 +C33−2C13 > 0,
2(C11 +C12) +C33 + 4C13 > 0, thereby implying their mechan-
ical stability at zero pressure. For all these alloys, C11 is larger
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Table 2: Elastic stiffness constants Ci j, bulk modulus B, shear modulus G, Young’s modulus E, Pugh’s ratio B/G, Poisson’s ratio ν, average sound velocity υm, and
Debye temperature θD of the considering intermetallics.
Elastic stiffness constant (GPa) Elastic modulus (GPa)
Compound C11 C12 C13 C33 C44 C66 B G E B/G ν υm (m/s) θD (K)
FeSn2 202.4 48.6 73.5 178.5 53.4 69.2 108.3 60.3 152.6 1.796 0.265 2950.6 706.8
FeSn2
a 184.9 22.8 43.7 190.6 42.8 62.7 86.6 57.7 142.7 1.501
Fe3/4Li1/4Sn2 164.1 41.4 45.7 141.7 45.2 54.9 81.6 51.2 127.0 1.595 0.241 2830.6 668.2
Fe3/4Na1/4Sn2 146.1 43.1 40.9 123.9 42.6 51.0 73.7 46.5 115.2 1.587 0.240 2765.2 638.9
CoSn2 204.1 52.9 58.3 190.1 42.7 67.0 104.1 57.4 145.4 1.815 0.267 2818.3 682.3
CoSn2
a 208.5 53.8 62.4 178.7 43.2 68.3 105.8 57.1 145.2 1.853
Co3/4Li1/4Sn2 151.0 37.8 44.3 130.5 28.1 46.0 76.1 39.3 100.5 1.937 0.280 2466.7 584.6
Co3/4Na1/4Sn2 136.7 36.9 41.8 107.7 25.6 39.7 68.8 34.4 88.4 2.002 0.286 2356.5 548.4
a DFT calculation data with PBE functional [30].
than C33, indicating that their deformation resistance along the
a-axis is stronger than that along the c-axis. In accordance with
the above discussion, substituting Li or Na atom was confirmed
to reduce the mechanical stability and deformation resistance
along both the a- and c-axises, due to lowering of elastic con-
stants, and this effect was more influential in Na replacement
than Li one. It should be noted that the shear deformation resis-
tance is weakened as well by such substitution due to smaller
values of C44 in MASn2 than in MSn2.
As the strength of a polycrystalline solid is estimated by its
elastic modulus, which can be readily evaluated from the elas-
tic constants (see Table S4 for elastic compliance constants),
we present the bulk, shear and Young’s moduli in Table 2. The
bulk and shear moduli within the Voigt (BV,GV) and Reuss (BR,
GR) approximations are shown in Table S5. Since the calcu-
lated elastic moduli are much lower than 360 GPa, these alloys
are not said to be incompressible [39]. It was known that the
bulk, shear and Young’s moduli describe the material response
to uniform pressure, shear and uniaxial stress respectively. In
accordance with this fact, Table 2 shows that the elastic moduli
of Fe-related intermetallics are larger than those of Co-related
ones, indicating that the former has stronger resistance to vol-
ume compression and more prominent directional bonding be-
tween the constituent atoms than the latter.
According to the Pugh criteria for ductility of solid [40], the
critical values of Pugh’s ratio B/G and Poisson’s ratio ν are
1.75 and 0.26; when the B/G value is greater than 1.75 or the
ν is larger than 0.26, the crystal is considered as a ductile ma-
terial, otherwise it is a brittle material [41]. It was found that
FeSn2 and CoSn2 are ductile materials due to their B/G values
of 1.796 and 1.815 being larger than 1.75 and ν values of 0.265
and 0.267 being larger than 0.26. Interestingly, Li or Na sub-
stitution for Fe in FeSn2 induces decreases of B/G and ν values
to 1.595 or 1.587 and 0.241 or 0.240 respectively, thereby in-
dicating a transition from ductile to brittle property. However,
an opposite trend is observed in CoSn2; Li or Na substitution
increases the B/G and ν values to 1.937 or 2.002 and 0.280
or 0.286 respectively, suggesting that Li or Na substitution in-
creases the ductility.
In Table 2, we also present the average sound velocity and
Debye temperature (see Table S5 for longitudinal and trans-
verse elastic wave velocities). The Debye temperature θD is
known to be associated with the vibration of atoms and hard-
ness of a solid; the higher θD value implies the stronger inter-
action between atoms and the higher hardness. Our calculation
result shows that FeSn2 (706.8 K) has higher Debye tempera-
ture than CoSn2 (682.3 K), and moreover, Li or Na substitution
reduces the θD values. Such tendency indicates that FeSn2 is
harder than CoSn2 and Li or Na substitution lowers the hard-
ness, which is consistent with the variation of elastic modulus.
3.3. Lattice vibrational properties
To further discuss the dynamic stability of the intermetallic
compounds, the phonon dispersion curves and the correspond-
ing phonon DOS were plotted. Figure 3 depicts those for FeSn2
and CoSn2. It turned out that there is no imaginary phonon
mode in CoSn2 but a non-degenerate optical phonon mode with
imaginary phonon frequency values appears around the zone-
center Γ point for the case of FeSn2, suggesting that at ambient
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Figure 3: Phonon dispersion curves and the atomic resolved phonon density
of states for (a) FeSn2, which has soft mode with imaginary phonon frequency
indicated by red color, and (b) CoSn2. The primitive unit cell including two
formula units was used in the calculation.
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Figure 4: Phonon dispersion curves and the atomic resolved phonon DOS for (a) FeLiSn2, (b) FeNaSn2, (c) CoLiSn2 and (d) CoNaSn2. For the case of FeNaSn2,
an imaginary phonon mode originated from acoustic phonon appears around A, R and X points, as indicated by red line.
condition CoSn2 is dynamically stable but FeSn2 should trans-
formed to another phase. From the analysis of phonon DOS
for FeSn2, the imaginary soft phonon was found to be mainly
caused by the relative vibration among Fe atoms. When allow-
ing atom movement along the soft phonon vector, the Fe atoms
moved along the c-axis direction, resulting in an extension of
Fe−Fe interatomic distance and furthermore phase transition
from tetragonal I4/mcm to I4/m space group phases. Such
space group change has been already illustrated for Mo2B with
first-principles calculations by Zhou and co-workers [42].
Then the influence of M/A substitution on lattice vibra-
tional properties of FeSn2 and CoSn2 was explored along the
above discussion. Figure 4 shows the phonon dispersion curves
with phonon DOS for MASn2 in tetragonal P422 space group
phase, containing 12 atoms. One interesting finding is that for
FeNaSn2 an imaginary phonon mode originated from acoustic
phonon appears around A, R and X points, indicating that this
phase is dynamically unstable like FeSn2. However, other in-
termetallic compounds were found to be stable at ambient con-
dition due to no imaginary phonon mode. For each MASn2,
there is a gap in the region between low frequency and high fre-
quency. The gaps in Li-substituted compounds are larger than
those in Na-substituted ones. The high frequency region above
6 THz is predominantly contributed by Li or Na atoms, while
the contribution is derived from vibrations of Fe or Co and Sn
atoms below 6 THz.
3.4. Electronic properties
In order to understand the electronic properties, we calcu-
lated the electronic density of states (DOS) and energy band
structures of MSn2 and MASn2 with spin-polarization. Figure 5
shows the atomic resolved total DOS around the Fermi level EF,
which is set to zero as indicated by vertical dashed line, in the
energy range from −5 eV to 2 eV (see Fig. S2 for orbital re-
solved partial DOS). We show the spin-up band structures in
the energy range of interest (−2 eV to 2 eV) along the high-
symmetry lines of the first Brillouin zone in Fig. 7. It should be
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Figure 5: Atomic resolved density of states (DOS) for (a) FeSn2, (b) FeLiSn2,
(c) FeNaSn2, (d) CoSn2, (e) CoLiSn2 and (f) CoNaSn2. Gray-colored filled
region denotes the total DOS, and the Fermi level EF is set zero, as indicated
by vertical dashed line.
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Figure 6: Energy band structures in (a) FeSn2, (b) Fe3/4Li1/4Sn2, (c) Fe3/4Na1/4Sn2, (d) CoSn2, (e) Co3/4Li1/4Sn2 and (f) Co3/4Na1/4Sn2, calculated by using the
PBE exchange-correlation functional. Spin polarization is considered and only spin-up bands are shown here. Blue- and orange-colored lines indicate the occupied
and empty bands, while cyan- and red-colored thick lines denote the bands crossing the Fermi level EF, which is set to zero as indicated by horizontal dotted line.
noted that for the compounds with spin-ordering of AFM and
NM, which are FeSn2, CoSn2, CoLiSn2 and CoNaSn2, the spin-
down bands perfectly coincide with the spin-up bands, while
for FeLiSn2 and FeNaSn2 in the FM state the spin-down bands
are strikingly different from the spin-up bands (see Fig. S3 for
comparison between spin-up and spin-down bands in FeLiSn2
and FeNaSn2).
For all the compounds, we can see 2∼4 bands crossing the
Fermi level, denoted by red- and cyan-colored thick lines in
Fig. 6, accounting for the metallic behavior. The number
of crossing bands and atomic contribution characteristics vary
with the compound. For the case of FeSn2, one hole (cyan
color) and one electron (red color) bands appear across the
Fermi level, of which the hole band is contributed from Fe-3d
and Sn-5s, 5p states almost equally but the electron band above
EF is dominated by Fe-3d state, as shown in Fig. 5(a) and Fig.
S2(a). Contrastingly, CoSn2 exhibits two hole and two electron
bands across the Fermi level, of which the hole bands below
EF are dominated by Co-3d with a slight contribution from Sn-
5p states but the electron bands are contributed equally from
Co-3d and Sn-5p states, as shown in Fig. 5(d) and Fig. S2(d).
For M/A exchange, FeLiSn2 has 3 crossing (two electron and
one hole) bands (Fig. 6(b)), and others also have 4 (two hole
and two electron) bands crossing the Fermi level (Fig. 6(c), (e),
(f)). Similar contribution characteristics to MSn2 is observed
for MASn2. However, since one M2 atom with minus magneti-
zation was replaced by alkali atom, enhanced contribution from
M1 atom with plus magnetization compared to M2 atom can be
seen in Fig. 5 for total DOS. It is worth noting that from the
total DOS plot, FeSn2 is clearly in AFM state and FeASn2 is in
FM state, whereas CoSn2 and CoASn2 have NM feature.
Figure 7: Fermi surface for MSn2 (M = Fe, Co) and MASn2 (A = Li, Na).
Pink-colored labels indicate the high-symmetry point of first Brillouin zone.
These band structure features yield a multi-sheet Fermi sur-
face, as shown in Fig. 7. There are several kinds of shape for
the Fermi surface, including round corner polyhedron, rugged
ring, quasi-2D sheet, and wrinkled and branched cylinder. The
relatively simple topology of Fermi surface, Fermi hole pocket
with a shape of round polyhedron at zone center around Γ point
and bent cylinder for electron at zone boundary going from Z to
R, is observed for FeSn2, while complicated shapes appear for
CoSn2. For the case of FeASn2, we can see wavy-like 2D sheet
for holes and electron pockets at the center of zone boundary
surface, while for CoASn2 the electron Fermi surface with a
shape of wrinkled cylinder is characteristically observed.
7
Table 3: Defet formation energy (E f ) and formation entalpy per atom (∆H) of
compound with defect, including vacancies (VM, VSn) and substitutional solutes
(AM, ASn) in intermetallic compounds MSn2 (M = Fe, Co; A = Li, Na).
FeSn2 CoSn2
Defect E f (eV) ∆H (eV) E f (eV) ∆H (eV)
VM 2.876 −1.487 4.590 −2.136
VSn 2.193 −1.494 −0.662 −2.191
LiM 2.146 −1.479 4.067 −2.119
NaM 3.998 −1.460 5.643 −2.103
LiSn 0.784 −1.493 −2.307 −2.186
NaSn 1.511 −1.486 −1.539 −2.178
3.5. Defect formation and alkali atom migration
In order to simulate the initial interaction of alkali metal with
MSn2, we considered the point defect such as vacancies of VM
and VSn and substitutional solutes of AM and ASn. The defect
formation energy was calculated using Eq. 8 and the formation
enthalpy of the compound with such defect was calculated us-
ing Eq. 9. Table 3 presents the calculated energetic values for
these defects. The formation enthalpies for all the kinds of de-
fect were calculated to be negative for both FeSn2 and CoSn2,
indicating that the compounds with defect can be formed in
exothermic way. The reactivity of CoSn2 with Li or Na was
found to be higher than that of FeSn2 due to smaller values
of formation enthalpy. It was found that for both FeSn2 and
CoSn2, the formation energy of Sn vacancy is lower than those
of Fe or Co vacancies, and Li substitutional solute has lower
formation energy than Na ones. In particular, for the case of
CoSn2, Sn-related defects such as VSn, LiSn and NaSn have neg-
ative formation energies of −0.662, −2.307 and −1.539 eV re-
spectively. These suggest that Sn atom has higher reactivity
with Li or Na than Fe or Co atom and moreover lithium is more
reactive with MSn2 than sodium.
Finally we estimated the activation barrier for alkali atom
diffusion mediated by M vacancy, which occurs through the ex-
change positions between the solute atom A and M vacancy.
Figure 8: Activation energy barrier for vacancy-mediated Li/Na migration in
FeSn2 and CoSn2. Inset shows the migration path denoted by yellow-colored
balls in 2 × 2 × 2 supercell including 96 atoms.
Figure 8 shows the calculated activation barrier with depiction
of migration path. It turned out that in FeSn2 the activation bar-
riers (0.17 and 0.44 eV for Na and Li) are lower than those in
CoSn2 (0.83 and 0.88 eV). Also Li diffusion occurs with lower
activation barrier than Na diffusion.
4. Conclusions
In conclusion, we have performed first-principles calcula-
tions to study the effect of M/A substitution on structural, me-
chanical, lattice vibrational and electronic properties of inter-
metallic compounds MSn2 (M = Fe, Co; A = Li, Na). The
main conclusions can be summarized as follows:
1. M/A substitution leads to lattice expansion along the a-
and c-axis. With this substitution, tetragonal ratio and unit
cell volume also increase and thereby mass density de-
creases. Na substitution has more announced effect than
Li. FeSn2 has less volume expansion than CoSn2.
2. The calculated elastic constants of MSn2 and MASn2 sat-
isfy the mechanical stability criteria for tetragonal crystal.
M/A substitution reduces the mechanical stability and de-
formation resistance of MSn2, which is more announced
with Na substitution. The Pugh’s and Poisson’s ratios de-
crease with M/A substitution for Fe in FeSn2, leading to its
phase change from ductile to brittle, but increase for Co in
CoSn2, keeping its ductility.
3. Phonon dispersion curve of FeSn2 in primitive unit cell
exhibits imaginary frequency (soft) mode around Γ point,
which might lead to phase transition from I4/mcm to
I4/m, whereas CoSn2 has all the real phonon frequencies.
With M/A substitution for Fe, the soft mode of FeSn2 dis-
appears for FeLiSn2 but is still preserved for FeNaSn2. In
phonon DOS, the gap between low and high frequency re-
gions appears with this substitution.
4. In electronic band structures, there are two or four bands
crossing the Fermi level EF. For FeSn2, the hole bands
below EF is contributed equally from Fe-3d and Sn-5s, 5p
states and the electron band above EF is dominated by Fe-
3d states. In contrast, the hole bands are dominated by Co-
3d states while the electron bands are contributed equally
from Co-3d and Sn-5p states.
5. Formation enthalpy of FeSn2 compound with Fe vacancy
or substitutional solute alkali atom is higher than that of
CoSn2. Li substitutional defect has lower formation en-
ergy than Na one. The activation barrier of vacancy-
mediated Li diffusion is higher than Na one. The activation
barriers in FeSn2 are lower than those in CoSn2.
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